Stable and emission tunable non-cyclometalated gold(III) triaryl complexes of the type [(L)Au(C 6 F 5 ) 3 ] [L = 2-(2,4-difluorophenylpyridine) (1), 4-phenylpyridine (2), 2-phenylpyridine (3), 2-phenylisoquinoline (4), 2-thienylpyridine (5)] were synthesized starting from a common precursor complex [(THT)Au(C 6 F 5 ) 3 ]
Introduction
Luminescent gold(III) complexes have been gaining increasing attention in recent years as next generation triplet phosphors for applications in phosphorescent organic light emitting devices (PhOLEDs). 1 In the recent past, poor stability and nonradiative deactivation arising due to reductive elimination and low-lying d-d states that are energetically close to the potentially emissive intraligand (IL) or metal-to-ligand charge transfer (MLCT) states, respectively, have hindered the investigation of Au(III) complexes in contrast to the extensively explored isoelectronic Pt(II) complexes. 1a,2 However, such deficiencies have been overcome by Yam and co-workers using strong σ-donating ligands and a tridentate ligand core resulting in stable and luminescent Au(III) complexes. The majority of the strategies to obtain emissive Au(III) complexes so far have relied on a tridentate biscyclometalated or a bidentate monocyclometalated ligand scaffold appended to the gold(III) center. 1, 3 Despite the recent progress, very limited success has been achieved on luminescent Au(III) complexes devoid of cyclometalation and the only known ones are cationic in nature. 1a, 4 To the best of our knowledge, there are no luminescent neutral Au(III) complexes that are devoid of cyclometalation. It was hypothesized that the combination of conjugated heterocyclic ligands with the previously known Au(III) pentafluorophenyl motif would not only render the resulting Au(III) complexes emissive through better spatial orientation and electronic overlap of the frontier orbitals of the gold centre and the conjugated heterocyclic ligand, but also was expected to result in stable compounds owing to the presence of the pentafluorophenyl ligands due to increased π-back bonding. The chosen design strategy was also anticipated to allow further tuning of the emission properties by utilizing various conjugated heterocycles with different electronic properties. The introduction of different ligands such as 2-phenylpyridine, 4-phenylpyridine, 2-thienylpyridine, 2-(2,4-difluorophenylpyridine), and 2-phenylisoquinoline was chosen to evaluate the effect of highly efficient interligand charge transfer on the emission quantum yields as well as on the phosphorescent emission maxima of the resulting complexes. Such a general approach to harness room temperature phosphorescence from Au(III) complexes bearing no cyclometalating ligands is demonstrated for the first time.
In this work, we report on the synthesis, structural and photophysical investigations of a series of stable Au(III) complexes devoid of cyclometalation that exhibit room temperature phosphorescence in the neat solid and in 2-MeTHF at 77 K. The introduction of the different conjugated heterocycles results in widely tuneable emission properties across the visible part of the electromagnetic spectrum, making the compounds amenable for light emitting applications.
Results and discussion
The different aryl pyridine Au(III)triaryl complexes 1-5 were synthesized using an already reported procedure that involves the treatment of 2 equiv. of the appropriate aryl pyridine ligand with the (THT)Au(III)triaryl complex in Et 2 O (Scheme 1). 5 The complexes were obtained as amorphous powders in 52-71% yield after purification by column chromatography. 1 Single crystal X-ray diffraction studies performed for all Au(III) complexes further corroborated the structural assignment from the NMR studies. The perspective views of all the complexes are shown in Fig. 1 . Crystallographic details are provided in Table 1 . The analysis of the molecular structures reveals a distorted square-planar geometry around the metal center. The distortion attributed to the steric encumbrance of the ligands is in fact rather small since all trans N-Au-C and C-Au-C bond angles were found close to 180°in the range between 174.61(15) and 179.43(10)°, except the C-Au-C bond angle in 4 which is slightly smaller with 171.30(9)° (Table 2) . The Au-N bond distance among the different complexes is not significantly altered by the presence of the electronically different pyridine ligands. Nevertheless, it is shorter in the crystal structure of 2 with 2.068(7) and 2.069(7) Å (two crystallographically independent molecules in the asymmetric unit) than in the other structures for which the bond distance lies in the range of 2.101(2)-2.115(2) Å. Interestingly, the Au-C bond distance is always shorter for the pentafluorophenyl ligand trans to the heterocycle (1.990(8)-2.017(4) Å) than for the other two pentafluorophenyl ligands which are trans to each other (2.040(9)-2.081(10) Å) with an average difference of about 0.05 Å within the same structure. It is worth noting that when the second ring of the heterocycle is in the ortho position relative to the nitrogen atom, which is the case for complexes 1, 3, 4 and 5, that ring is involved in an intramolecular π⋯π interaction with a pentafluorophenyl ligand characterized by a centroid-centroid distance in the range of 3.888(2)-4.124(3) Å and almost parallel rings making dihedral angles in the range of 12.9(3)-17.12(16)°between the corresponding mean planes (Tables S16-S20, ESI †).
The complexes were found to be stable in air and in common organic solvents for extended periods and no signs of degradation were observed. This is consistent with the behaviour observed from the thermogravimetric analysis (TGA) studies carried out on an exemplary compound 3 that revealed the onset of total degradation (T d ) at 260°C. In spite of the monodentate ligands coordinated to the gold(III) centre, the thermal stability exhibited by this complex is quite comparable to the monocyclometalated complexes reported earlier. 6 This stability can be attributed to the electron withdrawing pentafluorophenyl ligands coordinated to the Au(III) centre that tends to increase the metal-π back-bonding and thereby strengthen the gold-carbon bond. Cyclic voltammetry studies for all the complexes showed irreversible reduction peaks in the range of −1.97 to −1.71 V (vs. Fc 0/+ couple) in CH 2 Cl 2 at room temperature (Table 3) . No oxidation peak was observed. Due to the similarity of the reduction peak potentials among the different complexes, the reduction process is attributed to be a mostly ligand centered electrochemical event.
The photophysical data for the complexes are summarized in Table 4 . The UV/Vis profiles of complexes 1-5 are shown in Fig. 2 . The shapes of the bands closely resemble those of the free ligands, but exhibit a bathochromic shift in comparison Index ranges All the synthesized complexes exhibit intense emission at room temperature in the neat solid and at 77 K (2-MeTHF) rigidified media. No discernible emission was observed at room temperature. The emission profiles of all the complexes in the neat solid and in 2-MeTHF at 77 K are shown in Fig. 3 and 4 , respectively. Complexes 1 and 5 exhibit broad non-vibronically structured luminescence in the neat solid with a wavelength maxima found at the 436 and 535 nm, respectively. The emission profiles of complexes 2, 3 and 4 appear vibronically structured with the corresponding λ max at 468, 540 and 525 nm. The emission energies of the complexes reflect the different π-π* energies of the aryl pyridine ligand and are indicative of its greater involvement in the excited state as further supported by DFT and TDDFT calculations. The emission wave- length maxima of complexes 2-5 in 2-MeTHF at 77 K were found to be hypsochromically shifted by approximately 1-40 nm. This blue shift can be attributed to arise from the rigidochromic behaviour of the complexes at 77 K. The excited state lifetimes for the complexes were found in the range 0.21-0.55 μs at room temperature in the neat solid. The large Stokes shifts displayed by the complexes in conjunction with the μs excited-state lifetimes are strongly indicative of the phosphorescence nature of the emission. The reason for the absence of the long-lived emission in solution at room temperature can be attributed to the fast non-radiative decay of the excited state which might be caused primarily by the unhindered rotation of the monodentate ligands around its axis and secondarily to the slightly distorted conformation of the Au(III) complex upon absorption of the photon. The structural distortion could be due to the high flexibility imparted to the molecule not only because of the presence of monodentate ligands, but also due to the participation of the entire molecule in the excited state. This excited-state behaviour is quite in contrast to the previously reported cyclometalated Au(III) complexes, where only the involvement of the cyclometalated ligand was found in most cases. This hypothesis is further supported by DFT and TDDFT calculations. In comparison with the behaviour of complexes 1-5 in solution, we suggest that the additional rigidity provided by the crystal packing effect through intermolecular interactions in the solid state minimizes the structural distortion of the molecules and results in emission for the complexes. This suggestion is consistent with the non-emissive nature of the complexes found when they are spin-coated as thin films in a PMMA matrix. The thin films start to emit only after 90 wt% doping of the complex in the PMMA matrix. Although the PMMA matrix provides a rigid environment, the interactions provided by the PMMA are not sufficient enough in comparison with the tight packing present in the single crystal environment that reduces the distortion to a significant extent. The luminescence properties of our series of compounds were investigated using DFT and TDDFT calculations using the hybrid functional PBE1PBE in conjunction with the Stuttgart/ Dresden effective core potential (SDD) basis set for the Au center and the standard 6-31+G(d) basis set for the remaining atoms, the same level of theory used in our previous studies 1l,3,6 (see Computational details). The DFT optimized ground state (S 0 ) geometries are in good agreement with the X-ray structures. The square-planar coordination of the metal center is retained and the Au-C bond distance for the pentafluorophenyl ligand trans to the heterocycle is calculated to be shorter than that for the two other pentafluorophenyl ligands trans to each other, as confirmed by the average values of 2.009 Å vs. 2.073 Å, respectively. As expected, the calculated Au-N bond distance is longer than the Au-C bond distances within the same molecule with an average value of 2.143 Å.
The latter values do not take into account the bond distance of 2.115 Å found for complex 2 which is about 0.03 Å shorter than those computed for the other complexes, again consistent with the structural observations from the X-ray diffraction studies. The frontier molecular orbitals involved in the calculated singlet-singlet transitions (Table 5 Despite being at a higher energy of 279 nm, the intense band observed for 2 is more comparable to the low energy bands of 4 and 5 with a 1 ILCT[π pyrid → π* pyrid ] character originated from a HOMO → LUMO excitation, than to the ones of 1 and 3 (however observed at similar energies of 277 nm for 1 and 281 nm for 3) which originated from several excitations and transitions involving molecular orbitals where most of the electron density is not only located on the aryl pyridine rings but also on pentafluorophenyl ligands, leading to an admixture of intra-ligand and ligand-to-ligand π → π* characters. The differences in the energy of the bands between complexes 1-3 and 4-5 (about 20-25 nm, Table S21 in the ESI †) can be substan- tiated from the calculated HOMO-LUMO gap which is significantly smaller for 4 and 5 due to a higher lying HOMO for these two complexes, probably destabilized by the presence of thienyl pyridine and phenyl isoquinoline, ligands with a strong ability for π-delocalization. Unlike the TDDFT singletsinglet vertical excitations, the lowest singlet-triplet T 1 -S 0 energies calculated from the ground state structures are not really in agreement with the experimental data. The emission maxima estimated by the energy difference between the DFT optimized singlet ground state S 0 and the emitting triplet state T 1 are more in line with the experimental emission wavelengths (Table 5) . Nevertheless, both TDDFT and DFT calculations lead to the same conclusion that the emission originates from a transition with an intra-ligand 3 ILCT [π pyrid → π* pyrid ] character for all complexes. The spin density surfaces of the lowest triplet states and the SOMOs obtained from restricted open shell calculations visually identify the origin of the emission (Fig. 5 and 6 ) but the absence of long-lived emission in solution at room temperature might bias our interpretation of the emission process based on solvent-corrected gasphase calculations. We assume that the unhindered rotation of the monodentate ligands around its axis and the flexibility of the molecules due to the presence of only monodentate ligands can cause the absence of emission in solution at room Table 5 Selected singlet-singlet (S 0 -S n ) and singlet-triplet (S 0 -T m ) excited states with TD-DFT/CPCM (in dichloromethane) vertical excitation energies (nm), transition coefficients (c > 0.2), orbitals involved in the transitions, and oscillator strengths f for compounds 1-5 (with f > 0.02) Exp. abs. 
n = 15 n = 12 n = 14 n = 9 271.0 (0.029) 254.6 (0.024) 256.9 (0.083) 266.9 (0.061) 270. e Calculated as the energy difference between the DFT optimized ground state and low-lying triplet state.
temperature. At the gas-phase DFT level, structural distortions on going from S 0 to T 1 are visible on the heterocycles as shown in the overlay plots of the optimized ground and triplet state structures but no significant differences in the square-planar geometry are present around the metal center (Fig. S12, ESI †) . The absence of emission in solution, powder and in spincoated PMMA films is strongly suggestive of the additional rigidity provided by the packing arrangement in crystals or in the solid state responsible for the radiative decay from the complexes. In this context, we delineate various interactions that could be responsible for that rigidity in the crystal structures in the following section.
Detailed investigations of the X-ray crystal structures of 1-5 gave no evidence for the presence of Au⋯Au interactions. The shortest Au⋯Au distances are observed in the crystal structures of 4 and 2 with 6.4756(4) and 6.8626(6) Å, respectively. In the other structures, the Au⋯Au distances are not smaller than 7.9119(3) Å for 5, 7.9254(5) Å for 3 and 8.4911(5) Å for 1. The packing studies confirm the presence of weak intermolecular C-H⋯F-C hydrogen bonding, C-F⋯π interactions and π⋯π stacking interactions besides the already mentioned π⋯π intramolecular interactions (Fig. 7 , Tables S16-S20, ESI †). 7 The shortest intermolecular H⋯F distance d HF is observed in the crystal structure of 2 with 2.34 Å (C⋯F = 3.145(10) Å) Based on the above discussion, it can be strongly presumed that the presence of a number of several weak interactions that contribute to the rigidity of the molecules in the crystal phase is partially responsible for reducing the flexibility and thereby resulting in emission from the complexes.
Conclusions
In conclusion, a new design concept to achieve room temperature emission from Au(III) complexes devoid of cyclometalation has been successfully realized using electronically different pyridine aryl ligands in conjunction with an Au(III) triaryl motif. The emission energies are readily tunable across the visible range of the electromagnetic spectrum with the electronic nature of the heterocycle allowing to even achieve deepblue emission at room temperature in the neat solid and in 2-MeTHF at 77 K. While the highest quantum yield obtained is around 8.6%, it is expected that this design concept can be further extended to achieve non-cyclometalated Au(III) compounds with finely tunable luminescence properties by using other kinds of conjugated heterocyclic ligands that could have potential in optoelectronic and other light emitting related applications.
Experimental section

General procedures and instrumentation
All starting materials were purchased from commercial sources and used as received unless otherwise stated. All chemicals were of reagent grade and the solvents used for synthesis were of analytical grade. The reagents Ag(C 6 formed on precoated Merck Silica Gel60F254 slides and visualized by luminescence quenching either at (short wavelength) 254 nm or (long wavelength) 365 nm. Chromatographic purification of products was performed on a short column (length 15.0 cm; diameter 1.5 cm) using a silica gel 60, 230-400 mesh using a forced flow of the eluent. UV/Vis absorption measurements were carried out on a Perkin-Elmer Lambda 35 UV-Vis spectrophotometer. Emission spectra were acquired on a Perkin-Elmer spectrophotometer using 450 W xenon lamp excitation by exciting at the longest-wavelength absorption maxima with the excitation slit width of 5 nm and the emission slit width of 10 nm. 77 K emission spectra were acquired in frozen 2-methyltetrahydrofuran (2-MeTHF) glass. Luminescence quantum yields ϕ em of the complexes in solution were determined at 298 K (estimated uncertainty ± 15%) using standard methods, and wavelength-integrated intensities (I) of the corrected emission spectra were compared to iso-absorptive spectra of quinine sulfate standard (ϕ ref = 0.55 in a 1 N H 2 SO 4 air-equilibrated solution) and were corrected for solvent refractive index. Absolute quantum yields were measured in the solid using an integrating sphere on the Edinburgh spectrophotometer FLS920. YAG:Ce ( powder) was used as a calibration reference with ϕ em = 97%. Phosphorescence lifetimes in thin films were measured using the Edinburgh laser flash photolysis spectrophotometer LP920 with a Nd:YAG 355 nm laser as an excitation source fitted with a single monochromator. Cyclic voltammograms were measured with a Metrohm 757 VA Computrace with a glassy carbon electrode (d = 2 mm) or a gold electrode with a Pt counter electrode versus an Ag/ AgCl reference electrode. The following ligand abbreviations have been used: 2-phenylpyridine (2-ppy), 4-phenylpyridine (4-ppy), 2-thienylpyridine (2-thpy), 2-phenylisoquinoline (2-pqu) and 2-(2,4-difluorophenyl)pyridine (2-fppy).
Synthesis of complexes 1-5
General procedure for tris( pentafluorophenylgold(III) with different pyridine derivatives (2-phenylpyridine (1), 4-phenylpyridine (2), 2-thienylpyridine (3), 2-(2,4-difluorophenylpyridine) (4), and 2-phenylisoquinoline (5)). To tris-( pentafluorophenyl)Au(THT) (100 mg, 0.127 mmol) dissolved in Et 2 O (20 mL), 2 equiv. of the pyridine derivative (0.254 mmol) were added and the reaction mixture was stirred for 48 h at r.t. The solvent was evaporated under vacuum and the obtained crude product was purified by column chromatography on silica gel (eluent: toluene/hexane = 1/3) to afford a white solid. Single crystals suitable for X-ray diffraction analysis were obtained from slow evaporation of a concentrated solution of the complex in DCM or Et 2 O with a layer of hexane at room temperature.
Tris( pentafluorophenyl)(2-(2,4-difluorophenylpyridine)gold(III) (1) 
